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Cavitation or the formation of bubbles in metastable liquidshas been investigated experimentally and theoretically since
Lord Rayleigh,16 yet there remain considerable uncertainties in
the underlying descriptions. Whereas it has been exploited for
practical uses including ultrasonic cleaning7,8 and sonoluminescence,9
cavitation is directly relevant to undesirable natural events
including volcanic eruptions and void formation in solids or
glasses that degrade their mechanical, physical, and chemical
properties (e.g., fracture, shear banding, and corrosion). In
particular, cavitation during isochoric cooling of a metallic liquid
may lead to voids at grain boundary triple junctions or randomly
dispersed in a metallic glass. This has been difficult to character-
ize for most metallic glasses because they are normally multi-
component. However, bulk binary metallic glasses have recently
been developed (e.g., NiNb and CuZr glasses), thus simpli-
fying the analysis for elucidating the physics underlying cavitation
in engineering metallic glasses and alloys.
Cavitation in ametastable liquid is a fluctuation-driven process
that is described using classic nucleation theory (CNT).1012
However, direct application of CNT to cavitation is complex,
considering the closeness of the thermodynamic state to the
spinodal and the lack of reliable constraints on such parameters
as surface tension. Molecular simulations (molecular dynamics
(MD) and Monte Carlo method) and statistical theories have
provided some insight into this phenomenon at a more funda-
mental level.1320 However, recent MD simulations of cavitation
dynamics in liquids appear to disagree with the cavitation rate
from CNT, likely because of uncertainties in estimating the
surface tension.13,14 Recent studies on the fracture of Lennard-
Jones liquid evaluated the pressure-dependent surface tension
using Tolman model. They estimate the CNT nucleation rate by
assuming a constant surface tension leading to disagreement with
CNT and MD simulations.21 To connect MD simulations with
transition state and nucleation theories and with experiments, we
report MD simulations of cavitation in a binary metallic liquid,
Cu46Zr54, under negative pressure using a potential function
(force field) derived from QM. Our studies show that cavitation
can be described as a random Poisson process. Indeed, using
the activation volume obtained from the transition-state theory
and the surface energy from the Tolman length model, we find
that CNT predicts the cavitation rates in accord with direct MD
simulations. We characterize the pressure dependence of the
activation volume within a limited range of pressure and show
that the extrapolation to lower pressures leads to good agreement
with experiments.
Our MD simulations use the RosatoGuillopeLegrand
potential22,23 for CuZr alloy extracted from density functional
theory calculations on CuZr compounds and implemented in the
ITAP MD program.24 Previous studies23,25,26 showed that this
potential is accurate: the predicted glass formation temperature
(∼700 K), bulk structure, elastic moduli, and viscosity agree with
available experiments.
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ABSTRACT: We demonstrate the stochastic nature of cavitation in a binary metallic
liquid Cu46Zr54 during hydrostatic expansion by employing molecular dynamics (MD)
simulations using a quantum mechanics (QM)-derived potential. The activation
volume is obtained from MD simulations and transition-state theory. Extrapolation
of the pressure dependence of the activation volume from our MD simulations to low
tensile pressure agrees remarkably with macroscale cavitation experiments. We find
that classical nucleation theory can predict the cavitation rate if we incorporate the
Tolman length derived from the MD simulations.
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We first construct binary Cu46Zr54 systems with periodic cells
ranging from 2000 atoms to 54 000 atoms with random atom
positions. Using an integration time step of 1 fs, we melt the
systems at 1200 K and equilibrate them for 100 ps for subsequent
cavitation simulations. For tensile loading, we expand the cell at a
uniform expansion rate of 2  108 s1 at 1200 K using a single
NoseHoover thermostat (constant volume-temperature or
NVT ensemble, with a NoseHoover time constant of 20 fs).
Various time constants for thermostats (10∼100 fs) we tested
are found to have no effect on simulation results. The strain rate
we use enables the liquid to achieve equilibrium before cavitation
occurs. To explore the stochastic nature of cavitation, we carried
out 100 independent calculations for a given initial, metastable
state. In each of these runs, we changed only the initial velocity
distributions (via changing the random number seed for velocity
assignment) and observe the cavitation dynamics. To calculate
the cavity volume within the binary liquids, we use a grid-based
void analysis method.27 Given the cavity volume, we can obtain
the cavity radius by assuming that the cavity has a spherical shape.
Figure 1a shows the pressure evolution as a function of volume
(or bulk strain) for the 54 000-atom system under tension at a
constant strain rate and fixed temperature (T). With increasing
strain, pressure (P) decreases steadily (AB) until it reaches the
pressure minimum B. AB is the liquid equation of state at fixed
temperature, and pressure minimum B is expected to be close to
spinodal. There is a drastic decrease in the magnitude of P after B
due to tensile stress relaxation accompanying rapid cavity
nucleation and growth (BC). The system then reaches a steady
state (CD) where P increases slowly. Cavitation during BCD is
confirmed by direct analysis, and an example of the cavity is
shown as an inset to Figure 1a. The cavity is approximately
spherical but with a rugged surface on the MD scale.
To analyze the onset of cavitation of this metastable binary
liquid, we follow its evolution under a fixed bulk volume and
temperature. We choose various starting configurations from
Figure 1a prior to the pressure minimum B to explore homo-
geneous cavitation under different loading conditions. For each
such configuration, we performed NVT simulations (with fixed
bulk volume and temperature) and observed the cavitation
dynamics under the prescribed tensile loading. The point of
cavitation is obvious in the change of the instantaneous bulk
pressure. Starting from a specific initial configuration (e.g., near B
in Figure 1a), we carried out 100 independent NVT runs; for
each run, a different random number seed is used for initial
velocity assignment. Figure 1b shows the results from 100 runs all
starting at a precavitation loading of P = 3.16 GPa. For each
run, P remains constant for a while and then increases rapidly as a
result of cavity nucleation and growth, finally reaching a plateau
in which the stress is in equilibrium (Figure 1b). The pre- and
postcavitation values of P are the same for all 100 independent
runs. However, cavitation occurs at very different individual wai-
ting times (twait). Here twait is the instant at which the pressure
amplitude decreases to the midpoint between the pre- and
postcavitation values. The exact cavitation time is the point at
which the nuclei reach the critical point, which is hard to derive
from directMD simulations. Instead, we define twait, which is easy
to extract. This value is also reliable because the pressure drops
fast over the ∼10 ps for initiating the cavitation process.
For a given precavitation pressure, the statistical runs yield 100
values of twait used to construct the probability distribution (solid
line in Figure 2a). Here each point is broadened into a Gaussian
of width 15.28 Fitting the solid line to a Poisson process leads to
the dashed line with an expected waiting time τ = 97 ps. The
nucleation or cavitation rate follows as ν  1/(Nτ), where N is
the system size. Here we obtain ν = 1.9  105 s1 per atom for
the 54 000-atom system at precavitation pressure of 3.16 GPa
and 1200 K. To determine whether N = 54000 is sufficiently large
for studying cavity nucleation, we performed similar simulations for
Figure 1. (a) Pressurevolume plot for the 54 000-atom system under
hydrostatic tension at 1200 K; inset: an example of the cavity near C
(∼0.9 nm in radius). (b) Pressure evolutions for 100 independent NVT
runs, all started with the same configuration at P =3.16 GPa in part a.
Figure 2. (a) Probability of cavitation obtained from 100 independent
runs on the 54 000-atom system (solid line) and Poisson fitting (dashed
line).T= 1200K and P =3.16GPa. (b)Cavitation rates (per atom) for
four different system sizes under the same loading conditions.
Figure 3. kBT ln τ (left axis) and τ (right axis) as a function of initial
pressure P for the 54 000-atom system at 1200 K. MD results: squares;
dashed line: quadratic fitting. Inset: Extrapolation of MD results to
experimental scales. The experiment point (triangle) has τ ≈ 7 s for a
system size of 1022 atoms.
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N = 2000, 6750, and 16 000. Figure 2b shows that ν is similar for
three different system sizes with N g 6750 (∼2 105 s1 per
atom or 1034 s1m3), indicating that cavity nucleation is a local
phenomenon.
Using transition-state theory, we can write the cavitation rate
as ν  exp(ΔGQ/kBT), where kB is the Boltzmann constant.
The Gibbs energy of activation ΔG = ΔΩQP  ΔSQT if we
neglect the minor composition change near the cavity. The acti-
vation volume is ΔΩQ = (∂ΔGQ/∂P)|T, and the activation
entropy isΔSQ =(∂ΔGQ/∂T)|P. Our simulations are performed
at a fixed temperature, so the ΔSQ term can be neglected. From
transition-state theory and the definition of ν (1/Nτ), we obtain
ΔΩQ ¼ DðkBT ln τÞ
DP





T
ð1Þ
Thus, given τ for various tensile loadings,ΔΩQ can be obtained as
a function of P. (Similarly, the activation entropy can be obtained
via varying temperature at a fixed pressure.) For the 54 000-atom
system, we also performed runs at lower tensile loading to obtain
longer waiting time τ. Figure 3 shows the plot of kBT ln τ versus P,
and its slope is the activation volume. Assuming a linear depen-
dence of activation volume on P, we fit the kBT ln τP data points
with a quadratic function. This leads toΔΩQ = 820.7þ 229.3P at
T = 1200 K, where pressure is in GPa and volume is in Å3. For a
precavitation pressure P =3.16 GPa, the activation volume is 94
Å3 at 1200K, corresponding to about five vacancies under ambient
conditions.
Cavitation nucleation experiments were carried out on
Zr41.2Cu12.5Ti13.8Be22.5Ni10 (Vitreloy 1) liquid inside fused
quartz ampules of ∼0.75 mL volume. Because the liquid has a
higher coefficient of thermal expansion, we find that upon
quenching below Tg the hot interior liquid cools and shrinks in
volume more than the solid shell of fused silica and vetrified
liquid that contains it. This results in the buildup of negative
hydrostatic pressure in the liquid. Cavities formed within the
quenching time scale of 7 s at an estimated temperature of∼1200 K
and P = 0.5 GPa (triangle, inset to Figure 3) (unpublished
results).
To compare with the experiments, we extrapolated the fitted
kBT ln τP relation to lower pressures, leading to excellent
agreement with the experiments (Figure 3 inset). This agreement
between the experiments and direct MD simulations lends
support to the transition-state theory analysis. Note that the
local strain rate and the cavity growth rate in ourMD simulations
and the loadings are different in the experiments. We find that
increased precavitation tensile loading leads to higher growth
rates. In Figure 3, the rate effect is implicitly incorporated in the
precavitation pressure.
For steady states where a cavity is in equilibrium with the
surrounding liquid, the surface energy (σ) is σ = ΔP/2r, where
ΔP is the pressure difference across the cavity surface and r is the
radius of the cavity at steady state. We construct a cavity (radius
∼25 Å) within the liquid at 1200 K, vary the bulk volume and let
the system achieve equilibrium, and then measure the steady-
state cavity size and pressure to calculate the corresponding σ.
The results of σ for different cavity sizes are shown in Figure 4
(squares), which can be fitted with the Tolman equation
σðrÞ ¼ σ0
1þ 2δ
r
ð2Þ
where the Tolman length δ = 0.3 Å and σ0 = 0.59 J m
2 is the
surface energy for a planar surface (Figure 4). We apply the
Tolman equation to both steady and transient states. For
P =3.16 GPa and T = 1200 K,ΔΩQ = 94 Å3 and r = 2.8 Å; the
surface energy corresponding to this activation volume is σ =
0.49 J m2 from the Tolman equation (triangle in Figure 4).
In classical nucleation theory, the driving force for cavity
nucleation is ΔG = 4πr2σ þ 4/3πr3P, where the first (surface)
term is the free energy gain due to surface tension of a cavity and
the second (volume) term is the reduction while creating the
cavity. ΔG peaks at the critical value (ΔG*) with the critical
radius r* = 2σ/P, and ΔG* = 16πσ3/3P2. Our application of
CNT assumes an ideal gas with an incompressible liquid and ig-
nores the number of atoms in the bubble. Assuming that the
activation volume at P = 3.16 GPa and T = 1200 K from
transition-state theory is the corresponding critical nucleus size,
we obtain a critical radius of r* = 2.8 Å for use in CNT. From our
MD, we obtain σ = 0.49 J m2 from the Tolman equation. This
leads to ΔG* = 1.23 eV.
GivenΔG* at P =3.16 GPa and T = 1200 K, CNT allows us
to estimate the nucleation rate at the critical point: ν = ν0
exp{ΔG*/kBT}. Considering that the cavitation in vitreous
liquids is related to the spontaneous and cooperative reorganiza-
tion of individual clusters near the shear transformation zones
(STZs), we believe that the kinetic feature of the liquid is related
to the merging of R and β relaxations at high temperatures.29
Thus, the prefactor ν0 is related to theMaxwell relaxation time,
30
configurational entropy of critical cavity, and the size of STZs.
Therefore, the prefactor is ν0 = (1/N*)(μ/η) exp{nΔS/kB}.
Here μ is the shear modulus, η is the viscosity, μ/η is theMaxwell
relaxation frequency, N* is the number of atoms in the STZs
(∼100 atoms as for glass31), ΔS is the configurational entropy
per atom, and n is the number of atoms occupying the same
volume as the critical cavity. From our previous MD study,26 μ =
2 GPa and η = 0.2 Pa s under similar conditions. We assume that
ΔS is ∼1kB, similar to the entropy of fusion according to
Richard’s rule, and n = 5 as shown above. It follows that ν0
is ∼1.48  1010 s1 and ν is ∼1  105 s1 per atom, which
agrees well with our direct MD simulations (2  105 s1). This
agreement shows that the cavitation rate can be predicted from
CNT with remarkable accuracy if the Tolman length is included.
Our systematic study shows that cavitation in a binary metallic
liquid is a random Poisson process and that such complex proces-
ses can be well-described by the transition-state theory and
classical nucleation theory. We demonstrate the methodology
Figure 4. Surface energy σ versus inverse cavity size (r1).
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of obtaining the activation volume (or entropy) indirectly from
MD simulations and the transition-state theory and deducing
cavitation rate directly from MD simulations. The classical
nucleation theory converges with the simulations in describing
the cavitation rate if the Tolman length effect is considered. Our
results also bear implications to defined broadly nucleation and
growth processes.
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